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ABSTRACT
Nanofluids are engineered colloidal dispersions of nanoparticles (1-100nm) in common fluids
(water, refrigerants, or ethanol...). Materials used for nanoparticles include chemically stable
metals (e.g., gold, silver, copper), metal oxides (e.g., alumina, zirconia, silica, titania) and carbon
in various forms (e.g., diamond, graphite, carbon nanotubes). The attractive properties of
nanofluids include higher thermal conductivity, heat transfer coefficients (HTC) and boiling
critical heat flux (CHF) than that of the respective base fluid. Nanofluids have been found to
exhibit a very significant enhancement up to 200% of the boiling CHF at low nanoparticle
concentrations.
In this study, nanofluids were investigated as an agent to modify a heater surface to enhance
Critical Heat Flux (CHF). First, the CHF of diamond, Zinc Oxide and Alumina water-based
nanofluids at low volume concentration (<1 vol%) were measured to determine if nanofluid
enhances CHF as seen in literature. Subsequently, the heaters are coated with nanoparticles via
nucleate boiling of nanofluids. The CHF of water was measured using these nanoparticle pre-
coated heaters to determine the magnitude of the CHF enhancement. Characterization of the
heaters after CHF experiments using SEM, confocal, and contact angle were conducted to
explain possible mechanisms for the observed enhancement. The coating thickness of the
nanoparticle deposition on a wire heater as a function of boiling time was also investigated.
Finally, theoretical analyses of the maximum CHF and HTC enhancement in term of wettability
were performed and compared with the experimental data.
The CHF of nanofluids was as much as 85% higher than that of water, while the nanoparticle
pre-coated surfaces yielded up to 35% CHF enhancement compared to bare heaters. Surface
characterization of the heaters after CHF experiments showed a change in morphology due to the
nanoparticles deposition. The coating thickness of nanoparticle was found to deposit rather
quickly on the wire surface. Within five minutes of boiling, the coating thickness of more than 1
pm was achieved. Existing CHF correlations overestimated the experimental data.
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1.1.Background
Reactor research aims to increase power density, efficiency, to reduce radioactive waste
production, and most importantly, to provide inherent safety. Reactor safety requires work in
neutronic, thermal hydraulics, nuclear materials as well as probability risk assessment. One of
the most important concerns in nuclear reactor operation is the departure of nucleate boiling
(DNB). This can destroy fuel and cause possible release of fission products. One way to mitigate
this problem is to develop a better fuel cladding material that can withstand higher temperature,
or to have a higher limit for nucleate boiling heat transfer, also known as Critical Heat Flux
(CHF). Higher CHF can be achieved by using either an advance coolant and/or an engineered
fuel cladding surface.
Nanofluids, engineered colloids of nano-size particles suspended in common fluids [1], have
been of interest for the last decade as advanced coolant for heat transfer systems, including
nuclear reactors. Buongiorno et al. [2] reported possible uses of nanofluids as the primary
coolant for Pressurized Water Reactor (PWR), in the accumulators and safety injection for
Emergency Core Cooling Systems (ECCS), or for reactor cavity flooding (in-vessel retention).
While the possible use of nanofluids as primary coolant in a reactor may be limited due to the
strictly controlled chemistry and harsh radiation environment, nanofluids are still valuable for
many other aspects of reactors. One of the most interesting properties of nanofluids is that they
enhance CHF compared to the base fluid. Furthermore, it has been observed in our laboratory
that the nanoparticles deposited on the heater during CHF in both pool and flow boiling
experiments [3,4]. This deposition of nanoparticle changes the heater surface morphology and
chemistry, which is the most likely mechanism for CHF enhancement.
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The nanoparticles are deposited on the heater via nucleate boiling. This motivates one to test this
mechanism to pre-coat heaters and to determine if such a modified surface would lead to CHF
and/or heat transfer enhancement. This coating process, if proven successful, will be valuable for
treatment of large components of a heat transfer system. For example, steam generators, boilers
and heat exchangers in nuclear reactors or other power plants are usually pre-treated before
installation by coating to enhance both the heat transfer coefficients and to reduce corrosion rate
due to exposure to high temperature water. However, once these systems have been installed,
they are rarely removed for treatment due to cost and time constraint. For nuclear power plants,
another complication with these systems is that they are usually contaminated with radioactive
materials, which makes them even harder to be handled. Therefore, the treatment of these
components often entails periodic chemical flushing to clean out unwanted fouling or crud. The
original engineered surfaces usually cannot be retained. The initial treatment is usually for
protection from corrosion, to retain higher heat transfer rate. Usually, the effectiveness of this
originally engineered surface wears down with time and it is almost impossible to recover them.
However, nanofluids can provide a possible solution. The deposition of nanoparticles dispersed
in nanofluids on the heated surface upon nucleate boiling will enable the surface to be treated
periodically. This will allow components' treatment to last longer and give a larger safety
margin. The possibility of using nanofluids to treat these surfaces to enhance heat transfer is the
main motivation for this study.
1.2.Thesis Objectives
The objective of this study is to investigate the CHF enhancement with heater surfaces pre-
conditioned by nanofluid boiling precipitation. This provides opportunities of using nanofluids
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for heat transfer enhancement for nuclear reactor applications. The specific tasks to meet this
objective include:
* To perform a comprehensive literature review of heat transfer properties of nanofluids. In
addition, to review previous studies on improved wettability and ehhanced heat transfer
surface modifications.
* To perform pool boiling experiments using nanofluids to understand the parameters
influencing how the nanoparticle deposits on the heat transfer surface and to characterize
the nanoparticle deposition on the surface.
* To conduct pool boiling experiments for nanoparticle pre-conditioned surfaces, to
characterize the heater surface after CHF tests.
* To measure the coating thickness of the deposition via nucleate boiling on a wire heater
as a function of boiling time.
* To study theoretical bases of CHF and nucleate boiling heat transfer enhancement using
nanofluids for surface modification.
The literature review will be discussed in the next section. Subsequently, the experimental set up
and matrix are described, which details how nanofluids can be tested to provide coating for
heated surfaces. The CHF results help to determine the effectiveness of the coating in enhancing
heat transfer. Finally, theoretical analyses are discussed to estimate the degree to which CHF and
HTC can be enhanced via surface modification, and this will be compared with the experimental
data.
Chapter 2 - Literature Review
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2.1.Nanofluids and Their Possible Applications in Heat Transfer Systems
Nanofluids heat transfer enhancement capability has captured much attention of research
community within the last decade. Before nanofluids, researchers have added polymers in
particles and surfactants to the fluids to enhance heat transfer. Cheng et al. [5] gave a state-of-
the-art review of heat transfer of fluids with surfactants. They pointed out that the nucleate
boiling HTC can be deteriorated or enhanced depending on the type of surfactant and/or
polymers. They also mentioned that heat transfer models for boiling with surfactants/polymers
additives taking into account contact angle, surface tension, pressure, viscosities and others
variables should be developed. The research in this area provided direction for investigation of
nanofluids effects.
A lot of research has been done to study heat transfer characteristics of nanofluids. Two
extensive reviews, one by Wang and Mujumdar [6] and the other by Das et al. [7], summarize
most of the studies of heat transfer of nanofluids. The two reviews focused on the following
aspects of nanofluids:
* Preparation and characterization.
* Measurement of thermophysical properties: thermal conductivity, viscosity, surface
tension.
* Convective and pool boiling heat transfer.
* Postulated theories/mechanisms behind interesting properties ofnanofluids.
* Why nanofluids can be used as future advanced coolant?
Das et al. [7] reported that nanofluids are promising since they can provide the following
benefits: high heat conduction, stability, microchannel cooling without clogging, reduction in
erosion and possible potential reduction in pumping power. As for preparation of nanofluids,
Chapter 2 - Literature Review
there are several successful methods: direct evaporation, one-step chemical process, inert-gas
condensation, laser vapor deposition and two-step method where the nanoparticles are first
produced and then dispersed in the fluids using ultrasonic. Nanoparticle materials range from
oxide (Alumina, Silica, Titanium, Zirconia and Copper), to metal (copper, gold, silver and iron),
to other forms (diamond, carbon nanotubes). The base liquid ranges from water to commercially
available refrigerants (FC-72, R123, and R-134), ethylene glycol or ethanol. In determining the
successful preparation method for nanofluids, researchers have measured the stability and
particle size. Usually, a stable nanofluid has nano-sized particles (1-100nm) dispersed
homogeneously in the liquid and there is no sedimentation.
For thermophysical properties of nanofluids, Das et al. [7] and Wang and Mujumdar [6] reported
up to 60% thermal conductivity enhancement of 0.05 vol% nanofluids with metal or metal oxide
nanoparticles while up to 250% enhancement has been observed for 1 vol% carbon
nanotube/water nanofluids. They also noticed that viscosity measurements in the literature show
a general trend enhanced viscosity of nanofluids with higher particle concentration. To explain
the abnormal increase in thermal conductivity of nanofluids, they summarized many mechanisms
that had been proposed by researchers. These range from Brownian motion of nanoparticles in
the fluids, molecular-level layering of liquid at the interface, heat transport nature of
nanoparticles and surface charge state. Wang and Mujumdar [6] also listed analytical models
dated from Maxwell to recent ones that attempted to explain the mechanism for thermal
conductivity enhancement in nanofluids. However, they notice that there has not been a definite
explanation for all the results reported in the literature.
For heat transfer, the general agreement found in the two reviews is that nanofluids enhance
convective heat transfer substantially. Also, there was not much increase in pumping power
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required for nanofluids at low concentration. However, there are relatively few results on
convective heat transfer of nanofluids so nothing definitely can be concluded. On the other hand,
pool boiling heat transfer of nanofluids has been reported numerous times in the literature as
shown in Table 1.
Table 1: Summary of CHF enhancement and boiling heat transfer of nanofluids
CHF Heat transferReference Nanofluid Enhancement coefficient
Kimetal. [3] A120 3, SiO2, Zr 2  80% Deterioratedin water
Kim and Kim[8] TiO2 , A120 3, SiO 2  160% Not reported
You et al. [9] A1203 in water 200% Unchanged
Vassallo et al.[10] SiO2 in water 60% Unchanged
Tu et al. [11] A120 3 in water 67% Enhanced
Moreno et al. [12] A120 3,ZnO in 200% Unchangedwate
Bang and Chang[13] A120 3 in water 50% Deteriorated
Milanova et al. [14] TiO2 in water 200% Not reported
Jackson et al. [15] SiO2, CeO2, A120 3  170% Unchanged
Wen and Ding[16] Au (3 nm) in water 175% Deteriorated
Theofanous et al. [17] A120 3 in water 40% Enhanced
While all the results agree that nanofluids enhance pool boiling CHF, there has not been a
consensus in pool boiling heat transfer coefficients. Therefore, more work in this area need to be
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done to resolve the controversy among the reported results. Only few researchers have tried to
explain the mechanism of the enhancement of convective heat transfer or CHF of nanofluids.
The general observation is that the change in the heater surface morphology due to deposition of
nanoparticles during boiling somehow provides the observed effects.
Results listed in Table 1 are for water base nanofluid in pool boiling. There has been also work
done for other base fluids (refrigerant and ethanol) as well as different modes of boiling. For
example, Jung and Park [18] reported an enhancement in pool boiling heat transfer of R123 and
R134a-based CNT nanofluids with low heat flux only. However, they did not observe any
fouling of the CNT on the heater surface. This is worth noting since the deposition of
nanoparticles on the heat surface is the probable cause for enhancement in CHF or convective
heat transfer. Madhusoodanan et al. [19] studied phase change in nanofluids and found that the
presence of nanoparticles causes a reduction in evaporation rate but they could not find a relation
between the particle concentration and the reduction level. Liu and Qui [20] reported CuO
nanofluid enhanced CHF by 25% in jet boiling heat transfer but deteriorates heat transfer
coefficient due to a thin layer of nanoparticle sorption layer formed on the heated surface. They
also concluded that CHF increases with the increase in thickness of this sorption layer up to a
saturation thickness in low volume concentration nanofluids. They found that the CuO coating
layer could bond very well to the copper heat surface. Heat transfer of nanofluids in a cavitation
field was studied by Zhou and Liu [21] and it was found that the pool boiling curves of
nanofluids shift to the right of that of pure fluids, which means lower HTC. A tube heater was
used in this case and it was found that there was more nanoparticles deposited on the upside
surface of the tube. Chein and Chuang [22] measured heat transfer of CuO nanofluid in a
microchannel and found that the HTC increases at low flow rate (10 -15 ml/minute) but
15
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deteriorates at flow rate higher than 20 ml/min. They observed nanoparticle deposition on the
heater surface and but no significant increase in pressure drop with nanofluid. While Ding et al.
[23] also observed no change in pressure drop between a nanofluid and a pure one, they found
that the convective HTC is higher in both laminar and turbulent regimes for TiO2 nanofluids
flowing through a vertical pipe. They also found that particle size does not affect HTC
significantly. On the contrary, Mudawar and Lee [24] found no enhancement in heat transfer of
A120 3 nanofluid in microchannels in single-phase and two-phase flow. However, they observed
nanoparticle deposition to cause clogging of microchannels and cause failure of heater. They
question the overall effectiveness of nanofluids in micro heat sink channels. Finally, Kim et al.
[25] observed up to 200% pool boiling CHF enhancement in 0.01 vol% TiO2 nanofluid. They
suggested that surface wettability, surface roughness and capillary wicking height are modified
by particle deposition, and hence the enhancement in CHF.
At MIT, research on nanofluid heat transfer enhancement has been conducted for the past
several years. Kim et al. [3] measured significant CHF enhancement in Alumina, Silica and
Zirconia nanofluids with wire heaters. For flow heat transfer of nanofluids, Williams et al. [26]
measured convective heat transfer of Alumina and Zirconia nanofluids in turbulent regime and
found that there was no abnormal enhancement. Conventional correlations to calculated
convective heat transfer coefficient can be used for nanofluids provided that the non-dimensional
quantities are calculated with the nanofluid properties. Kim et al. [4] measured flow boiling CHF
of 0.01 % by volume Alumina nanofluids at mass flux of 1000 kg/m2s and 1500 kg/m2s and
found that the CHF is 10% and 30% higher than that of water, respectively. This was one of the
first values measured for flow boiling CHF of nanofluids. Li et al. [27] used transient and steady-
state cut-bar methods to measure thermal conductivity of Alumina nanofluids. They confirmed
16
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the observed enhancement in thermal conductivity of the nanofluids previously reported in the
literature and that it is independent of the measurement techniques. Eapen et al. [28] reported
that enhancement in thermal conductivity of nanofluids are in agreement with Maxwell mean-
field theory while the micro convection for the fluid medium around randomly moving
nanoparticles does not affect thermal conductivity of the nanofluids.
In general, from the literature, nanofluid enhances pool boiling CHF while there is disagreement
about the effect on HTC. The results for convective heat transfer of nanofluids are scarce but
most suggest that nanofluids help increase HTC. Most researchers also agree that deposition of
nanoparticles cause change to surface morphology of the heaters. However, none has done a
quantitative characterization of heaters subjected to nanofluids to explain these enhancements.
2.2. Surface Modification for Engineering Applications
Surface coating of materials has been used widely in many industrial applications. For example,
in many boiler tubes, Ni-Cr or Fe-Cr coating is applied on the boiler surface as a corrosion-
resistant layer. The techniques for applying these coatings include plasma spray, high velocity
oxygen fuel spray or physical deposition process. Furthermore, coating is also used in the filter
industry. Microporous coatings are used for dust filtration applications. In the textile industry,
the fire-resistant or water-proof coating layers are applied on fabric for protection purpose.
Conventional coating can also help to provide extra micro and macro strength for the base
substrate. Some ceramic coatings have also been used for thermal and electrical insulations.
However, the use of coating as heat transfer enhancement has not been utilized extensively; yet,
research on surface modification to enhance heat transfer has been done for many years.
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Berenson [29] reported in the early 1960s that pool boiling nucleate heat transfer differed up to
600% by changing surface roughness of the heater. Work done by Webb [30] showed that
effective ways to enhance pool boiling including attached nucleation promoters, coating with
metal or non-metal and formation of nucleation sites on the surface via chemical or mechanical
process. Of these processes, metal coating has appeared to be the best choice and a lot of work
has been done to study its pool/flow boiling enhancement. Square heaters were coated by Chang
and You [31] with microporous layer of Alumina, Copper, diamond and Silver particles of size
1-20, 1-50, 8-12 and 3-10 micrometers, respectively. They measured 30% enhancement for
boiling heat transfer coefficient and up to 100% CHF enhancement in FC-72. The spraying
method developed by this group also proved to be durable and adhesive to the surface. Similarly,
Golobic [32] reported a CHF enhancement of more than 130% when the surfaces were coated
with metal and/or metal oxides particles using epoxy as adhesive material. Rainey and You [33]
went further to study effect of size and orientation of microporous coated heater in FC-72. They
observed that HTC was not affected by orientation or size of the heater, and the HTC and CHF
were higher for coated surfaces compared to that of plain surface. In addition, it was shown by
Rainey and You [34] that metal coated square pin-finned surfaces gave much higher HTC than
the plain ones did. However, they did not find an enhancement in CHF with this type of
geometry even with the coating. Arik et al. [35] reported diamond microporous coated silicon
chip to provide up to 1.6 times CHF enhancement in FC-72 at both 1 atm and 3 atm. Kim et al.
[36] explained that microporous coatings enhance nucleate HTC by having a larger active
nucleation site density, which stopped the bubble from becoming too large, and hence increases
bubble departure frequency.
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Besides pool-boiling in water, HTC enhancement has been observed in other fluids with coated
surfaces as heaters. For example, Kim et al. [37] measured water spray cooling on plain and
coated surface and found that the coated one had a higher CHF due to capillary pumping action.
However, the size of the coated particle was found not to affect the HTC. In sub-cooled flow
boiling, Sarwar et al. [38] coated a vertical tube with micro/nanoporous structures. They found
microporous coating provided 25% higher CHF while nanoporous coating was not adhesive
enough to the tube's wall in flow experiment. They also agreed that CHF enhancement could be
due to increase of nucleation sites. Kim et al. [39] used ABM (Aluminum particles/Devcon
brushable ceramic epoxy/methyl-ethyl-ketone) coating method to provide microporous structures
of different sizes on heaters and found that 8-12 Jim particle size give the highest nucleate
boiling HTC and CHF enhancement in R123, while the 17-30 jpm particles gave the highest HTC
enhancement. In water, they found a surface coated with 17-30 plm particles gave significant
nucleate boiling HTC but this is low compared to that in FC-72 and R123.
Recent development in nanotechnology has created opportunities in using nano instead of micro
particle to coat the heaters. For example, Kim and Vermuri [40] found that Alumina (A120 3)
nano-porous surface has 30% lower incipient superheat compared to that of plain surface.
Kunugi et al. [41] made nano-porous coatings (Cu and A120 3) with pore size around 10nm, and
found that the coating provide up to 180% enhancement in pool boiling heat transfer. However,
they did not have enough quantitative data obtained to explain the mechanism of the HTC
enhancement. Mudawar et al. [42] developed a method to attach Carbon nanotube (CNT) to
silicon and copper substrates. They found that presence of CNT of various arrays reduce
incipient superheat and enhance boiling HTC in FC-72. The highest HTC enhancement was up
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to 452%. They also agreed that such enhancement could be due to an increase in nucleation sites
with the presence of CNT array on the heater.
Other nanoparticle coating techniques and their applications have been reported in the literature.
For examples, Chowdhury et al. [43] showed that gold nanoparticle coating attenuated radiation
by 40% and could reject 17 to 28% of the incoming energy. The coating method described could
be applied by a low cost water-based process. Coowanitwong et al. [44] reported a dry
mechanical coating method that allow modification of A120 3 fiber with nanoparticles, which can
change surface properties (wettability) of the substrate. Yan et al. [45] reported a three-step
method to coat Zeolite Y on Al-2024-T3, which can help prevent corrosion and can be
potentially useful in space applications. On the other hand, Proverbio et al. [46] reported possible
heat pump applications of zeolite coated copper foams. The zeolite was directly grown on the
copper foam via hydrothermal synthesis. Finally, Shen et al. [47] used nanoporous TiO2 coating
for infrared detectors since the TiO2 coat can improve the transmittance of incident light to the
IR detectors by 56% to 94%.
Other researchers have coated substrates with nanoparticles to induce higher surface wettability,
which can potentially enhance CHF. For example, a glass substrate was coated with silica
nanoparticles using the layer-by-layer assembling method by Rubner et al. [48], who found that a
critical film thickness of 100 nm induced superhydrophilic (0=-0) behavior. Also, the low
refractive index of the nanoporous film gave the substrate antifogging and antireflective
properties. Carbon steel plates were plasma spray-coated with metal oxides by Harju et al. [49]
and all coated surfaces were found to be hydrophilic, and it was observed that the contact angle
increased when the surface was exposed to air. Zhao et al. [50] created Si nanorod arrays using
glancing angle deposition and found that the nanorod arrays show superhydrophilic behavior
20
Chapter 2 - Literature Review
with contact angle of 3.20. They also noticed that when a water droplet interacted with the
nanorod array, its morphology and structures can be affected, which may limit its possible future
applications. A review on nanocoating for engine applications by Dahotre and Nayak[51]
indicated that Cu(In,Ga) (Se,S)2, vanadium oxides or ZrOz2 based nanocoatings give higher
wettability. Kogure et al. [52] found that external-field hot-water sol-gel SiO2-TiO2 coatings
have high wettability for water and photocatalytic activity. Agarwala et al. [53] reported that the
electrolysis coating techniques can provide a continuous Ni-P and Ni-P-X layer on carbon fabric.
However, Velev et al. [54] found that SiO2 nanoparticle deposited on multi-crystal silicon solar
cell did not decrease contact angle. Furthermore, they noticed that when fluorosilanes layer was
attached to the coating, it became superhydrophobic and/or self cleaning.
Many surface treatment techniques have been developed to enhance heat transfer; each is
appropriate for certain application and heat transfer mode. Rohsenow et al. [55] reported two
classes of heat transfer enhancement: passive methods (no external power required) and active
techniques, which requires external power. Treating surfaces by coating, roughening surfaces by
sand or mechanical means, extended surfaces such as fins, surface-tension devices or additives
for liquids are some examples of the passive methods. Stirring, surface and liquid vibration,
electrostatic fields, and suctions are examples of active techniques to enhance heat transfer. Two
or more of these techniques can be combined to provide compound enhancement. It was further
pointed out that, when the heater temperature is the controlled parameter, a thin insulating
coating can raise pool boiling HTC significantly. In addition, some treated surfaces have reduced
in wall superheat by more than 10 folds and that the mechanism for evaporation from treated
surfaces can be different from that of untreated one. Tubes with treated surfaces exhibit higher
flow boiling heat transfer compared to the plain ones. Discussion about additives of solid, liquid
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or gas in the main fluids to enhance heat transfer was also presented by Rohsenow et al. [55].
This is the early concept of nanofluids, where nanoparticles are added to a base fluid to a form
stable colloidal dispersion.
To summarize, one can see that surface modifications have been studied and used extensively in
many industrial applications, such as corrosion control, and functional surface coatings. While
micro-porous surface modifications, through shop-applied coatings, have been studied widely to
increase heat transfer, relatively few heat transfer experiments were conducted to study nano-
porous coating surfaces. Industrial applications of these techniques have not been realized. This
is due to the fact that heat transfer systems are large and the coating has been normally applied to
small and controlled surface. Furthermore, delivery of nanoparticles appears to be a challenge
since they tend to adhere to the walls of the feed component. A novel technique where the
coating can be applied relatively easy to a large surface will have wide applications particularly
in retrofitting installed large systems that require on-site treatment. Hence this study aims to
provide the fundamental bases for developing such applications with nanofluids. Although the
focus is on heat transfer enhancement, if properly chosen, the coating materials may potentially
offer other benefits such as anti-fouling and corrosion control.
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Chapter 3 Pool Boiling Experiments
3.1.Experimental Facilities
Two pool boiling facilities were used to perform the coating of the heater and to measure CHF of
different fluids. These two facilities are similar in design, as depicted in Figure 1. Here, a glass
test cell sits in the middle of an isothermal bath equipped with an electric heater. The test cell
contains either deionized water or nanofluid which is pre-heated in a microwave before each test.
The isothermal bath helps keeping the fluid temperature in the test cell constant. In addition, a
reflux condenser on top of the test cell prevents evaporation of fluids. Evaporation is a concern if
a nanofluid was used since that can change the concentration of the fluid during the test.
Furthermore, the nanofluid vapor may contain nanoparticles, which can be a health hazard.
Figure 1: Schematic diagram of pool boiling CHF facility
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The heater is immersed in the liquid in the test cell and connected to the two copper electrodes of
approximately 0.5" in diameter. In series with the heater is a shunt resistor, which is used to
determine the electric current in the system. Power is supplied to the heater via a DC power
supply. The two voltage taps measure the voltages across the heater and the shunt resistor. Two
K-type thermocouples are used to measure the temperatures of the fluids in the isothermal bath
and in the test cell. All data are collected using a Data Acquisition System (DAQ).
As previously mentioned, two facilities were used to for this study - one for thin wire heater
(WPBF) and the other for horizontal plate heater (PPBF). The WPBF is equipped with a 20V x
25A DC power supply, which provides sufficient power to reach CHF with a stainless steel 316
(SS316) wire of 0.384 mm diameter and 9.5 cm length. The glass test cell used in the wire
facility has the dimensions 15.2 cm x 15.2 cm x 5.7 cm and thickness of order 0.64 cm. The
PPBF uses a larger test cell of dimensions 10.2 cm x 15.2 cm x 20.3 cm. Furthermore, a 20V x
500A DC power supply for the PPBF provides adequate power to reach CHF with a SS316
rectangular horizontal heater of dimensions 7.0 cm x 0.5 cm. Although the two facilities are of
different sizes, the procedures to measure CHF are very similar. In a typical experiment, the fluid
in the isothermal bath and the test cell are first brought up to as close to saturation as possible.
The power is supplied to the heater in a constant current mode until CHF is reached. The step
increase in power becomes smaller and smaller as the heat flux approaches CHF. More detailed
description of experimental procedure is given below for each type of experiment. The heat flux
at any time can be calculated using Eq. (3-1)
I.V
SArea (3-1)
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Here, I and V are the current and the voltage across the heater, respectively. The three-
dimensional pictures of the wire and the plate facilities are shown below.
Figure 2: Three dimensional view of wire facility
Figure 3: Picture of plate facility
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3.2. Deionized Water Validation Tests
3.2.1. Water CHF with Wire Heater
Deionized (DI) water validation tests were first performed using both wire and plate heaters.
This was done to establish a base value for later comparison. For wire heater, the wire was
prepared by sanding with 600-grit sandpaper and then washed with acetone. The wire was soft
soldered to the two stainless steel screws that were threaded to the ends of the copper electrodes.
Power was then supplied to the wire in constant current mode until temperature excursion
occurred (indicated by a red glow) or the wire burned out. CHF was indicated by sudden
excursion in the voltage across the wire recorded by the DAQ system. There was a six-minute
wait between each step of power increase. The CHF values of water were measured three times
to ensure repeatability. This same criterion was also applied for any combination of fluid and
heater later on. The CHF values of water are shown in Table 2.
Table 2: Measured critical heat flux of DI water with a SS316 wire heater
Value Test 1 Test 2 Test 3 Average
CHF (MW/m2) 0.82 0.71 0.79 0.77
Error (MW/m2) +0.05 +0.04 +0.05 +0.06
The error in the CHF comes mostly from uncertainty in the length of the wire. Uncertainties in
the wire diameter, the voltage and current through the wire were also considered. The total
measurement uncertainty is approximately 6%, which was calculated using Eq. (3-2) [56].
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L D V I (3-2)
The average value of water CHF at atmospheric pressure is about 0.77 MW/m2, which is a bit
lower than the predicted value using hydrodynamic instability model established by Kutateladze
[57] and Zuber[58].
q CHF= Cpg2hf [g(pf -pg (3-3)
Here, C is a constant, which Zuber proposed to be 0.131 while Kutateladze had C equal to 0.149.
This equation applies for infinitely flat horizontal heater, which gives CHF value of
approximately 1.1MW/m2 for water at atmospheric pressure. This is higher than the value
obtained with the wire heater. Lienhard and Sun [59] reported a correction factor to account for
R
wire geometry with dependence on the dimensionless radius R'= , as shown/[g(pf Pg-)]
in Equation (3-4)
q"cHF 0.89 + 2.27e - 344  , R' 0.15 (3-4)
q CHF ,Z
Again, q"CHF,z is the CHF predicted by the Zuber correlation in Eq. (3-3). In our experiments
with saturated water, R' = 0.02429, which means that Eq. (3-4) will not apply for predicting
CHF. This is due to the fact that the hydrodynamic instability mechanism does not govern CHF
for R' less than 0.15. According to Lienhard and Bakhru [60], 0.01 < R' < 0.15 corresponds to a
transition regime where hydrodynamic mechanism starts to take place. In addition, the CHF
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results reported by Lienhard and Sun [59] for R' < 0.06, the ratio q"max / q"max,Z varies from 0.5 to
1.0, which means that the CHF values can be anywhere between 0.6 to 1.2 MW/m 2 for water.
The measured CHF for water using wire heater is 0.77 MW/m 2, which falls between the
acceptable range and is determined to be acceptable as a base CHF value for comparison with
those of nanofluids.
3.2.2. Water CHF with Plate Heater
While the wire heater gave repeatable CHF values for water, the horizontal plate heater design
proved to be much more challenging. The plate heater is also made of stainless steel 316
(SS316). The rectangular part exposed to water has the dimensions of 7cm x 0.5 cm. The circular
parts on both ends are covered with copper blocks during the experiment. The thickness of the
plate is approximately 1.2mm, which was chosen so that there is sufficient axial heat transfer to
prevent localized bum-out. The bottom and the side of all plate heat are insulated with high
temperature silicone as shown in Figure 4. The insulation prevents heat transfer out of the bottom
or side surfaces, which can introduce uncertainty in CHF calculation.
Figure 4: Insulated plate
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The procedure to measure water CHF using a plate heater is similar to that of a wire heater. The
plate, with ends sandwiched between two copper blocks, is connected to the copper electrodes as
shown in Figure 5. The copper blocks allow better electrical conduction between the plate
heaters and the electrodes. They also prevent most of the bubble formation at the circular part so
that the heated surface in consideration is only of the rectangular section.
Figure 5: Connection of plate heater to electrodes
Since the objective is to measure the CHF enhancement of surface modified by nanoparticle
deposition, therefore, it was logical to choose a smooth reference surface so that the modified
surfaces could be easily characterized for its morphology. From the wire experiments, 600-grit
sandpaper finished was the first logical choice for surface finish since it has produced consistent
results for wire experiments. However, the CHF values of water were not repeatable for this
plate heater surface finish. Subsequently, as-received surface finish from manufacturer of the
SS316 plate was tested. Once again, CHF values scattered over a wide range. Finally, it was
decided that the surface would be sandblasted to produce higher nucleation site density. Only
then, consistent CHF values were obtained. Table 3 summarizes all the CHF values measured for
plates with various surface finishes. Notice that the only surfaces that provide consistent CHF
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values (<10% variation) were the sandblasted ones. For all other surfaces, from hand sanding
with 600-grid paper or as-received from the manufacturer, the CHF values varied up to an order
of magnitude, which was unexpected and unacceptable. Based on the observations during the
experiments and surface characterization of the plate surface, possible explanations were given
below for such sporadic CHF data.
Table 3: Water CHF values for plate heater with different surface finish
Experiment Surface Finish Cleaning CHF Observations
# method (MW/N 2)
1 Hand 0.72 There was some boiling from the
2 Hand sanding 0.38 side and the bottom observed due to
3 with 600 grit 0.71 thin insulation.
4 (600 grit) 0.53 There was no boiling from the side.(600 grit)5 0.21 Bubbles grew horizontally on top of
6 0.15 plate and caused premature CHF.
7 600 grit water 0.39 Large bubbles formed on surface
8 600 grit soap and 0.43 and grew horizontally, causing
9 600 grit water 0.25 premature CHF.
10 2.00 Small jet of bubbles coming up
11 1.37 from surface instead of big bubbles
12 1.55 stay on surface. There are bubbles
from acetone and formed at interface between plate
and silicon insulation.
manufacturer then water13 0.13 Large bubble formed and stayed on
14 0.30 top of surface at low heat flux
15 0.31 causing premature CHF.
16* 1.66 Bubble formed at interface of plate
17* 0.54 and insulation.from acetone and18" 0.44
manufacturer then water
19" 0.96
20 1.35 There are some bubbles at interface
21 1.48 initially but there are a lot smaller
22 1.45 bubbles formed on the actual
surface at higher heat flux.
*For these experiments, a different procedure was used following advice of Prof. Griffith. First, the power was
applied to the plate and turned off quickly many time to clear off the surface. Then an hour of degassing was
performed at low heat flux to remove all the possible air in the liquid. The power was then supplied to the heaters
similar to other experiments. The uncertainty for these CHF values is approximately 6% due to measurement error.
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The heater surface characterization was performed using SEM to examine the surface
morphology, and confocal microscopy to quantify the surface roughness for the three different
surface finishes. These are shown in Figure 6. The sandblasted surface is much rougher than the
600-grit surface and the as-received ones. One can see a different structure pattern on the
sandblasted surface. The confocal and the SEM images both agree well. This suggests that the
sandblasted surface have more nucleation sites compared to the other two. Visual observation
during experiments found that there were a lot smaller bubbles formed on the sandblasted heater.
For the much smoother 600-grit or as-received surfaces, less bubbles formed on the surfaces
were observed while the bubbles at the interface seemed to dominate. This can greatly affect
accuracy of CHF experiments since the insulation at the interface cannot be further improved.
Quantitatively, the root-mean square roughness of the sandblasted surface is about 1.3 gim,
which is about 10 times that of the 600-grit (0.13 gm) or as-received surface (0.15 gm). This is
an order of magnitude difference, which can have significant influence on CHF. Another feature
to notice in Table 3 is that in some experiments for the 600-grit or the as-received surface finish,
premature CHF occurred.
One possible explanation is that the smoothness of these two surfaces allowed the bubbles
formed on the plate to hover on top for a longer time and grow bigger and bigger. In addition, the
bubbles can travel and/or grow horizontally, which coalesces with neighboring bubbles.
Subsequently, a film of vapor is formed on top of the plate large enough to cause the plate to
overheat and lead to premature CHF. The comparison of bubbles formations photos taken during
the CHF experiment confirms these observations. In Figure 7 fewer but larger bubbles formed.
On the other hand, in Figure 8, a lot smaller bubbles formed on the sandblasted surface.
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However, for the sandblasted surface, the interfacial bubbles' effect on heat transfer rate is
insignificant because bubble formation on the surface is dominant.
The sandblasted surface was chosen for the plate heater treatment since it was the only design
that provides repeatable CHF data. However, since the sandblasted surface already enhances
CHF of water (average of 1.42 MW/m2 compared to 1.1 MW/m2 predicted from the model), one
would expect lower CHF enhancement with a nano-particle modified surface and with
nanofluids, if there is any. Also, the high initial roughness of the sandblasted surface may cause
further difficulties in determining the surface roughness modified by nanoparticle depositions.
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Figure 6: SEM (left) and 3D confocal (right) Images of the three surfaces finished. (A):
sandblasted, (B): 600 grit, (C): as received.
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Figure 7: Bubble formation on a smooth surface heater
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Figure 8: Bubble formation on a rough surface finish
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3.3. Selection of nanofluids
Diamond, Alumina and Zinc Oxide nanofluids were chosen as the candidates for this project.
They were chosen based on two main criteria: previous experiences and potential uses in nuclear
reactors. The Alumina nanofluid was chosen because many previous studies for this nanofluid
has been performed worldwide and they all showed significant CHF enhancement. Furthermore,
the Alumina nanofluid has been shown to have excellent stability upon dilution. Also, the
Alumina nanofluid is relatively inexpensive compared to other nanofluids. Diamond nanofluid
was chosen because of its chemical stability. Diamond is chemically inert, which makes it
attractive for reactors' applications, where the radiation and chemistry can be harsh on many
substances. Finally, Zinc Oxide was chosen because Zinc injection had been shown to reduce
corrosion of Alloy 600 in high temperature water [61]. Therefore, introducing Zinc Oxide into
reactors' applications will not create much further complications, if the Zinc Oxide nanofluid
were proven to be advantageous. All the nanofluids were purchased from commercial vendors at
high concentration. The nanofluids used in CHF experiments were diluted to < 0.1 vol% without
addition of surfactant or pH control.
The concentrated nanofluids (4w%/o diamond, 30w%/o ZnO and 20w%/o Alumina) were purchased
from commercial vendors (Nyacol: Alumina and Zinc Oxide; PlasmaChem: diamond) and they
were then diluted for pool boiling experiments. The thermophysical properties at room
temperature and the particles of the diluted nanofluid were also measured. The surface tension
was measured using a KSV Sigma703 tensiometer. A KD2 thermal properties meter was used to
measure the thermal conductivity of the nanofluids. A Cannon 50 Y733 capillary viscometer
meter was used to determine the viscosity of the nanofluids. Finally, dynamic light scattering
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was used to measure the size of the nanoparticles dispersed in the fluids. The results are listed in
the table below.
Table 4: Properties of nanofluids at room temperature
Mean Particle Size Thermal Surface Kinematic
Nanofluids Specified - Measured Conductivity Tension Viscosity
(±lOnm) (+0.2 W/mC) (10.2 mN/m) (+0.02 mm2/s)
Water N/A 0.60 72.1 1.01
Diamond (0.01 vol%) 4- 143 0.60 72.6 1.06
Alumina (0.1 vol%) 50 -42 0.62 73.1 1.03
ZnO (0.1 vol%) 70- 75 0.61 66.5 1.06
The thermophysical properties of the diluted nanofluids are similar to those of water. These
results are as expected since the concentrations of the nanoparticles here are minute. The sizes of
the nanoparticles for Zinc Oxide and Alumina are less than 100nm and are close to the specified
values from the manufacturers. Diamond nanoparticles, on the other hand, seemed to have
agglomerated into much larger particles than those specified by the manufacturer. This could
have been due to instability of diamond nanofluid upon dilution.
3.4. Nanofluids Pool Boiling CHF with Wire Heater Results
The CHFs of Alumina, Zinc Oxide and Diamond nanofluids were measured using SS316 wire
heater. The objective of these tests is to confirm that these nanofluids enhance CHF compared to
that of deionized water. The procedure to measure CHF of nanofluids is identical to that used for
water.
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3.4.1. Diamond Nanofluid CHF
First, CHF of 0.01 vol% diamond nanofluids was measured. As for water CHF, this was repeated
three times to ensure repeatability of the data, which is shown in Figure 9. The CHF is between
30-40% higher than that of water. Also, the variation among the three trials is small (within 10%
of each other), which verifies the experimental repeatability.
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Figure 9: CHF of 0.01 vol% Diamond nanofluid
Looking at the surfaces of the wires in diamond nanofluid after the CHF test using SEM, it was
seen that the surface morphology differed from that of the wire from vendor. There is a layer of
sporadic coating of diamond on the wire and the Energy Dispersive Spectroscopy (EDS)
confirms that the composition of the coating is Carbon, the main element of diamond. This is
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shown in Figure 10. The coating thickness is approximately 4pm. The coating and the CHF
enhancement confirm diamond nanofluids as potential candidate for later surface modification
experiments using nanofluids.
Water Diamond
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Figure 10: SEM images of wire in Diamond nanofluids (0.01 vol%)
3.4.2. Zinc Oxide Nanofluid CHF
The CHF of Zinc Oxide nanofluids at 0.001, 0.01 and 0.1 vol% concentration was measured.
Again, each nanofluid fluid concentration was measured three times to ensure repeatability. The
CHF results are shown in Figure 11. Even though there is a slight increase in CHF with higher
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volume concentration, the difference is insignificant (within measurement uncertainty) to draw
any relationship between the nanoparticle concentration and the CHF enhancement. The average
CHF enhancement compared to the base case is approximately 85% for all three concentrations.
The wire heater was examined using SEM to characterize its surface morphology. The SEM
images are shown in Figure 12. Notice that the coating of Zinc Oxide particles is more uniform
compared to that of diamond. The EDS spectrum confirms the coating is ZnO and the thickness
is approximately 3 gim.
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Figure 11: CHF of Zinc Oxide nanofluids at different volume concentration
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Figure 12: SEM images of SS316 wires in Zinc Oxide
3.4.3. Alumina Nanofluid CHF
Similar to Zinc Oxide, CHF of Alumina nanofluids at three volume concentrations was measured
and the results are shown in Figure 13. The maximum CHF enhancement is approximately 60%
at 0.01 vol% concentration of Alumina nanoparticle. No relationship between the CHF
enhancement and the particle concentration was seen either.
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As for other nanofluid experiment, the wire heaters were characterized by SEM to determine if
there was any coating layer of the particle on the heater. These images are shown in Figure 14.
The nanoparticle coating layer for the 0.001 vol% Alumina seems to be more uniform, except at
one location (in red circle) where the wire surface is exposed. For the wire in 0.01 vol%
Alumina, the coating seems thicker but not as uniform since a lot of "flaky" features can be seen.
The results for Alumina confirm further the connection between deposition of the nanoparticle
and CHF enhancement.
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Figure 13: CHF of Alumina nanofluids at different volume concentration
Figure 14: SEM images of wire in Alumina nanofluids. Left: 0.01 vol%; Right: 0.001 vol%
42
I_ _ _ _I
Chapter 3 - Pool Boiling Experiments
3.5.Water CHF with Pre-coated Plate Heaters
The results in the previous section confirm that nanofluids have higher CHF values compared to
that of water. The nanoparticle deposition on the heater's surface changes its morphology and is
the most likely mechanism to enhance CHF. To confirm this hypothesis, experiments with pre-
coated plate heaters in pure water were performed. Horizontal plate geometry was chosen here to
allow contact angle measurement in addition to the surface characterization. The plates with
sandblasted surface finish were pre-coated via boiling in nanofluid. Table 4 below lists the
concentration, heat flux and time interval of the boiling process.
Table 5: Heat flux and time interval to coat plate heaters via boiling of nanofluids
The heat flux was increased up to the values listed in the table in steps similar to procedure for
the CHF experiment, and there was a six-minute wait time between each step increase in heat
flux. The pre-treated plate heaters were then used immediately in water CHF experiments. The
heat flux for diamond was higher than that of the oxides because it was observed from the wire
experiments that the diamond coating was not as uniform as oxides. By applying a higher heat
flux, it was expected that a better coating layer would be achieved. Note the goal for these tests is
to demonstrate that comparable CHF enhancement can be achieved with nanofluid pre-coated
heaters, and no attempt is made to optimize the coating process for maximum CHF enhancement.
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Nanofluids Heat flux (MW/m2) Coating time (minutes)
Diamond (0.01 vol%) 1.0 45
Alumina (0.1 vol%) 0.5 45
Zinc Oxide (0.1 vol%) 0.5 45
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For each sandblasted plate (insulated from both sides and bottom) that was pre-treated according
to the conditions listed in Table 5, CHF of deionized water was measured right after the coating
process. This was done to prevent possible falling off of the deposited particles on the plate if the
coating was not adhesive enough to the surface. The procedure to measure CHF of water with
pre-coated plates is identical to that with the bare sandblasted ones. Again, three experiments
were done for each nanofluid to verify the repeatability of the procedure. Notice that 0.01 vol%
diamond was used instead of 0.1 vol% for other fluids since only CHF of 0.01vol% diamond was
measured with wire heater. Also, diamond nanofluid is relatively expensive so using 0.1 vol%
could be costly.
3.5.1. Diamond Pre-coated Plate CHF Results
The CHF of water on a diamond pre-coated plate is shown in Figure 15 below. The CHF of
water with the diamond pre-coated plate are not much higher than the base case (non-coated
sandblasting heater in water). The enhancement is approximately 11%, which is close to the 6-
8% uncertainty of the experiments due to measurement errors. This low CHF enhancement can
be qualitatively explained by observation of the plate after CHF experiments. The coating layer
seems sporadic as shown in Figure 16. More rigorous characterization of the plate will be
discussed in the next section.
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Figure 15: CHF of water with diamond pre-coated plate compared to that with a bare sandblasted
plate.
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Figure 16: Pictures of Diamond pre-coated plate after CHF experiment
The boiling curve for the three diamond pre-coated plate compared to that of the water curve is
shown in Figure 17. The error for the superheated temperate is quiet large (-12%) because it was
deduced from the measured resistance (from voltage and current across the plate) of the heater
according to the resistivity temperature coefficient formula.
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r 1T 1) + To (3-5)ro  a
Here T is the plate temperature, r is the resistance, and a is the resistance temperature coefficient.
To and ro are the initial values of the temperature and resistance of the plate, respectively.
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Figure 17: Boiling curves of water with diamond pre-coated plates
Overall, the boiling curves do not seem to deviate much from that of water with uncoated plate,
which means there is no significant nucleate heat transfer rate enhancement with the diamond
pre-coated plate. The only exception is that of test 1, which shows a possible HTC enhancement.
The boiling curves of all three tests are not repeatable due to the fact that the temperature of the
plate was never directly measured. Rather, it was deduced from the resistivity temperature
coefficient. Therefore, no definite conclusion can be made about the HTC at this time. While it is
desirable to have higher heat transfer rate, these plates are still acceptable since no deterioration
of heat transfer coefficient was seen as shown in Figure 18.
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Figure 18: Nucleate heat transfer coefficient of water with diamond pre-coated plate.
The CHFs of diamond nanofluid (0.01 vol%) on a bare plate heater was also measured and they
were found to be higher than those of water on diamond pre-coated plates. This is shown in
Figure 19. The average CHF value of diamond nanofluid is about 44% higher than that of water
on a bare plate heater. This is about 30% higher than the CHF values of water on a pre-coated
plate. However, the HTC of diamond nanofluids seemed to deteriorate as shown in Figure 20.
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Figure 19: Comparison between CHFs of diamond nanofluids on a bare plate heater and those of
water on a diamond pre-coated plate.
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Figure 20: Heat transfer coefficient of diamond nanofluids
Notice that only two out of the three tests of diamond nanofluids are shown here because the first
test temperature data deduced from the resistance have large variations at lower heat flux, which
is not necessarily valid. The HTC values of diamond nanofluid are still much lower than that of
water. With this deterioration of HTC but enhancement of CHF, diamond nanofluids will need to
be investigated further.
3.5.2. Alumina Pre-coated Plate CHF Results
The CHFs of Alumina pre-coated sandblasting plate are better than those of the diamond
according to Figure 21. First, there is no large deviation between the three tests, which confirms
the actual enhancement. The average CHF enhancement is only approximately 35%, which is
lower than that of the nanofluids measured with a bare wire heater previously shown. This is due
to the fact that the initial CHF value of water with bare sandblasted plate was high since the
sandblasted surface is already an optimized surface for boiling heat transfer. While there is some
CHF enhancement, there seem to be no change in the heat transfer coefficient with the Alumina
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pre-coated plate compared to that of the bare plate. This can be seen in Figure 22 and Figure 23.
All the boiling curves seem to overlap one another.
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Figure 21: CHF of water with Alumina pre-coated plate heaters
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Figure 22: Boiling curves of water with Alumina pre-coated plate heater
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Figure 23: Heat transfer coefficient for Alumina pre-coated plate
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3.5.3. Zinc Oxide Pre-coated Plate CHF Results
The CHF enhancement of Zinc Oxide pre-coated plates was similar to that of Alumina. The
average CHF value is about 1.9 MW/m 2, which is about 33% higher than that of a bare
sandblasted heater. The CHF and the boiling curves are shown in the following figures. For
the heat transfer rate, notice that there is a correct trend in that the heat transfer coefficient
increases with heat flux. In the boiling curve graph, only two Zinc Oxide tests were shown
because plate resistance data were invalid in the last test.
I
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Figure 24: CHF of water with Zinc Oxide pre-coated plate heater
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Figure 25: Boil curves of water with Zinc Oxide pre-coated plate heater
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Figure 26: Heat transfer coefficient for Zinc Oxide pre-coated plate
The CHF of 0.1 vol% Zinc Oxide nanofluids on bare plate heaters were also measured and the
results are shown in Figure 27. These values are higher than CHF of water on bare heater (1.4
MW/m 2) by 15% but smaller than those of water on coated plates.
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Figure 27: CHF of 0.1 vol% Zinc Oxide nanofluid
51
5. E +06
~ ____~I__ __ ~__· 1__~_____~1_______1_I~
---- --- -------------------- - - -
~I
...........T  .. ... ....... .............. .............
-------------
Chapter 3 - Pool Boiling Experiments
Also, it was found that the heat transfer coefficient of ZnO nanofluids on bare plate heaters did
not vary much from that of water as shown by the boiling curves in Figure 28.
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Figure 28: Boiling curve on ZnO nanofluids on bare heaters
3.6. Heaters Characterization
Surface characterization was performed after the CHF experiments using pre-coated heaters.
SEM was used to qualitatively measure the change in surface morphology and to identify the
elemental composition of the coating layer. Then confocal microscopy measured the 3D surface
profile, which allowed one to obtain the average surface roughness as well as the roughness ratio
(ratio of actual area over the projected flat area). Finally, a contact angle measurement system
was used to measure the surface wettability, which was shown to be a dominant factor on CHF
as discussed in Section 4.
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3.6.1. Surface Morphology Characterization using SEM
All SEM images were taken using a FEI/Philips XL30 FEG ESEM. First, the diamond pre-
coated plates were observed and their SEM images are shown in Figure 29 along with an EDS
spectrum to verify that the coating is actually diamond. All three plates shown here have some
coating but it is very sporadic as observed in wire experiments. The similarity between the
coating patterns on the three plates is another sign of repeatability. The darker areas are the
diamond coated area since the EDS spectrum indicated presence of Carbon. This non-uniform
coating can be one of the reasons for small CHF enhancement.
The coating using Alumina nanofluid is somewhat better than that of diamond. However, the
coating layer still does not cover the entire plate surface as shown in Figure 30. Again, the EDS
spectrum verifies that the coating material is Alumina since prominent peaks correspond to
aluminum and oxygen are observed. The three plates all show similar coating patterns.
Zinc Oxide nanofluid produced the best coating compared to diamond and alumina because no
bare surface could be seen once it had been boiled in ZnO nanofluid as shown in Figure 31. The
coating patterns are similar for all three plates. Notice that the EDS spectrum has very small
peaks for primary elements of SS316 such as Fe, Cr. This means that the coating is sufficiently
thick to prevent detection of these elements with EDS. This coating is by far the most uniform
and is very promising for engineering applications.
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Figure 29: SEM images of three diamond pre-coated plates. Top: Test 3; bottom left: testl;
bottom right: test 2.
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Figure 30: SEM images of three Alumina pre-coated plates. - Top left: Test 1; top right: test 2;
bottom: test 3.
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Figure 31: SEM images of three Zinc Oxide pre-coated plates. Top left: Test 1; top right: test 2;
bottom: test 3
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Figure 32: Comparison of coating by different nanofluids using SEM at 300x and 2500x
magnification
In comparing the coatings by three nanofluids more closely, there are some distinct differences
as shown in Figure 32. First of all, the coating is more uniform for Zinc Oxide, and somewhat
A
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sporadic for Alumina and Diamond. At higher magnification, while Alumina coating seems to
consist of spherical particles agglomerated together, in Zinc Oxide layer, very few individual
particles can be seen. The structure of diamond is more similar to Zinc Oxide than to Alumina.
Overall, the Alumina coating seems to produce more micro cavities, or nucleation sites. This can
potentially have a significant effect on CHF.
Another interesting comparison is between the surface morphology of the pre-coated plate in
water and that of the bare plate in nanofluids. First, let look at these two types for diamond.
Figure 33: SEM of bare plates in Diamond nanofluids (right) and of the pre-coated plate in water
(left). Top: 250x; Bottoml000x
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In Figure 33, the bare plates in diamond nanofluids have much more uniform coating than those
that was pre-coated via boiling at 0.5 MW/m2. This is expected because the CHF experiment
with diamond nanofluids took approximately two hours and the plate was boiling at much higher
heat flux than 0.5 MW/m2.
Comparing the morphology of the heaters in Zinc Oxide case (Figure 34), the coating of the bare
plates in ZnO nanofluids CHF experiment seems more uniform than the pre-coated plate it water.
This is expected since coating via nucleate boiling was only up to 1 hour at 0.5 MW/m 2. On the
other hand, in the nanofluids CHF experiment, nucleate boiling happens at higher heat fluxes for
a longer time.
Again, it is important to stress that SEM images only allow one to draw qualitative conclusions
such as uniformity of coating patterns. More quantitative data can be obtained using confocal
microscopy, which will be presented next.
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Figure 34: SEM of bare plate in ZnO CHF experiment (top) and pre-coated plate in water
(bottom) at 250x (left) and 12000x (right) magnifications.
3.6.2. Surface Characterization using Confocal Microscope
Confocal microscope was used to measure the surface roughness ratio as well as the average
surface roughness. The protocol for this measurement is that for each pre-coated plate, two
locations will be measured. This was done to see whether the coating is uniform (on a given
plate). The confocal microscope allows one to obtain 3D profile of a given area on a plate as
shown in Figure 35. All the pre-coated sandblasting plates appear to have similar profile of many
peaks and valleys. The bare sandblasted surface is rough as well but its patterns differ from those
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that were coated with nano particles. On the other hand, the 600-grit finishes or as received
surfaces is much smoother. The measurement data of average surface roughness and surface
roughness ratio are listed in Table 6.
In Table 6, Sra denotes the average surface roughness measured by the confocal microscope. The
projected area is the area of the flat surface of interest, while the actual area takes into account all
the peaks and valleys. The ratio of these two areas is known as the surface roughness ratio,
which can either increase or decrease the contact angle of a surface depending on the initial
contact angle. Discussion of the relation between surface roughness ratio and contact angle is
given in Chapter 4. The average surface roughness seems to be a little bit higher for the coated
plate compared to the bare surface. Zinc Oxide coated plate has the highest Sra (approximately
twice that of the base case), while the Sra for Alumina and diamond coated plates are only a little
higher than the base case. However, higher Sra does not necessarily correspond to higher
roughness ratio. In fact, the overall trend observed here is that the nanoparticle coating does not
dramatically change the roughness ratio compared to the base sandblasted surface. Without
change in surface roughness ratio, contact angle can only be modified by change in surface
energy through modification in surface chemical composition. Since surface energies of
diamond, alumina, and zinc oxide are not readily available in the literature, the next logical step
is to measure the contact angle of water directly on these pre-treated surfaces.
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Sandblasted 600-grit As received
Diamond 1 Diamond 2
Alumina 1 Alumina 2
Diamond 3
Alumina 3
Zinc Oxide 1 Zinc Oxide 2 Zinc Oxide 3
Figure 35: Confocal Microscope: 3D profiles of the pre-coated plates and the referent surface
finish.
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Table 6: Confocal microscopy data for the plate heaters
Projected Area - PA Actual Area-AA Roughness RatioSurface Finish SRa(Im) (m 2) (m 2) (AA/PA)
Sandblasted 1.36 51043 70697 1.39
1.91 68013 97777 1.44
Diamond (#1)
2.07 67880 100629 1.48
1.73 51093 69477 1.36
Diamond (#2)
1.62 51027 68911 1.35
2.00 68013 100089 1.47
Diamond (#3)
1.70 67880 92197 1.36
1.42 67747 98172 1.45
Alumina (#1)
1.37 67880 98172 1.45
1.98 67880 103954 1.53
Alumina (#2)
1.42 67889 102287 1.51
1.38 68013 97802 1.44
Alumina (#3)
1.46 67880 99232 1.46
inc Oxide 1.97 50744 69249 1.36Zmc Oxide
(#1) 1.87 67880 97043 1.43
Zinc Oxide 1.89 68013 96068 1.41Zinc Oxide
(#2) 2.46 67747 96295 1.42
Zinc Oxide 2.42 67880 99517 1.47
(#3) 3.04 67747 105738 1.56
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3.6.3. Contact Angle Measurement
Contact angles were measured using a VCA 2000 Contact Angle Surface Analysis system. The
basic operation consists of dropping a drop of liquid (deionized water in this case) on the surface
of interest. Images of the liquid droplet were then taken by a CCD camera. The software
equipped with the system analyzes the contact angles on both sides of the droplet. For each plate
heater, the contact angle was measured at two locations away from the point where CHF
occurred. In addition, measurements were done when the droplet of water just touch the surface
as well as after 1.5 minutes. The size of the droplets is between 0.7 to 1.0 mm in diameter. All
measurements were performed at room temperature. Table 7 lists the results of these
measurements. R stand for contact angle on the right side and L represents contact angle on the
left side of the droplet. If the droplet is symmetrical on the surface, these two angles should be
approximately equal. However, difference between the two sides (up to 80) can occur for an
asymmetric drop on a surface as seen in some cases here. Contact angles on the as-received
surface and on the bare sandblasted surface were measured initially to make sure the system give
reasonable and repeatable values. One can see that the contact angles at two different locations
on these plates are consistent. The value (at time t = 0) for water on the SS316 as received
surface is approximately 900, while that on sandblasted surface is 1100. These two values are
higher than those obtained by others, but not significantly [62, 63].This could have been due to
contamination on the plate.
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Table 7: Contact angle of water on different surface finish (error ±30)
Surface finish
As received
Sandblasted (not boiled)
Boiled in water (#1)
Boiled in water (#2)
Boiled in water 3 (#3)
Diamond coated (#1)*
Diamond coated (#2)
Diamond coated (#3)
Alumina coated (#1)
Alumina coated (#2)
Alumina coated (#3)
ZnO coated (#1)
ZnO coated (#2)
ZnO coated (#3)
Location 1
Time 0
(R - L)
88 - 92 o
110- 105 o
83 - 85 o
88-90 o
114-1130
106- 100 o
90- 89 o
73 - 73 o
23- 30 o
49 - 42 o
138- 139 o
34- 34 o
55-580
19 - 19
At 1.5 minute
(R-L)
72 - 66 o
80-76 o
64-55 o
70 - 65 o
85 - 85 o
N/A
72- 63 o
38-38
6-60
21-22 o
130- 127 o
I 15- 1s
Location 2
Time 0
(R-L)
95 - 96 o
110-1150
93 - 100 o
107- 108 o
116-1170
75 - 69 o
75 - 78
63 - 53 o
34-39 o
63 - 56 o
128- 128 o
65 - 62 0
73 - 72 o
At 1.5 minutes
(R - L)
N/A
N/A
59- 56 o
72 - 64 o
113 - 114
N/A
56-520
38 - 23 o
5 - 14
39- 32 o
118-1170
42 - 26 0
29- 25 o
22- 20 o
*Measured on a different day; shaded boxes: the water droplets totally spread out on the surface.
The general trend observed here is that bare plate in water has the highest contact angle while
Zinc Oxide coated plate has the lowest contact angle overall. The contact angle on diamond
coated plate is a bit lower than water but higher than that on Alumina-coated plate. This applies
both at time t = 0 when the drop just touched the plate or after 1.5 minutes. However, there are
always some out of the norm values such as those on bare plate in water (#3) and on Alumina-
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coated plate (#3). The possible reason for the outliers is due to surface contamination. At time
after 1.5 minutes, the angle generally decreases due to the spreading of the droplet. Furthermore,
it should be noted that contact angles are nil in some measurements of the Zinc Oxide coated
surfaces after 1.5 minutes which indicated excellent wetting property.
Taking the average of all the contact angle measurements on plates of the same conditions,
except for outliers (bare plate in water (#3) and alumina coated plate (#3)), and taking into
account the measurement error as well as standard error (stdev/4(N)), Table 8 summarizes the
average contact angles for comparison . As one can see, they agree with the general trend
observed in the raw data. Discussion of how these contact angles affect CHF will be presented in
Section 4. Some representative images of these contact angle measurements are shown in Figure
36 (t=0) and Figure 37 (t= 1 .5 minutes).
Table 8: Average contact angle on different surface finish
Contact Angle Bare plate Diamond coated Alumina Coated ZnO coated
t = 0 940 740 430 440
Average
t = 1.5 m 670 480 180 130
t= 0 130 150 170 240
Error
t = 1.5 m 150 180 150 180
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Bare plate 1 Bare plate 2 Bare plate 3
/
/
Diamond I
Alumina 1
Diamond 2
Alumina 2
Diamond 3
Alumina 3
/
Zinc oxide 1 Zinc oxide 2 Zinc oxide 3
Figure 36: Contact angle measurement of water of different pre-coated surface after CHF
experiment (images were taken at time t = 0).
i
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Bare plate 1 Bare plate 2 Bare plate 3
/
Diamond 2 Diamond 3
Alumina 1 Alumina 2 Alumina 3
Zinc Oxide 1 Zinc Oxide 2
Figure 37: Contact angle measurement of water of different pre-coated surface after CHF
experiment (images were taken after 1.5 minutes).
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3.7. Coating Rate Experiments
Another topic of interest in this study is to quantify the thickness of particle deposition layer on
the heater as a function of boiling time. For practical applications, it is desirable to produce a
coating which is thin enough to minimize thermal resistance while providing the optimized
surface properties and characteristics for heat transfer enhancement. For this experiment, it was
decided to use a 600-grit sanded wire heater because the sandblasted surface already has large
roughness, which would present some difficulties in measuring the roughness/thickness of the
coating afterward. The experimental set up and procedure for coating the wire are similar to
those of the CHF experiment. There was also 6-minute waiting time between each power step
increase up to the desire heat flux of 0.5 MW/m 2 (coating process 1). One difference is that
once the heat flux reaches 0.5 MW/m2, no further increase in heat flux was applied and the
heater was left to boil for 15, 30, 45 and 60 minutes for the coating to form. There was also a
second set of experiments (coating process 2) where the waiting time is only 1 minute between
each power step increase. This was done because at 0.1 to 0.4 MW/m2 heat flux step, there is
already nucleate boiling and waiting at these heat flux for 6 minutes each could contribute to the
actual coating capacity at 0.5 MW/m2, especially when the time interval is short. For the case
with one minute waiting time, the wire was also coated at 0.5 MW/m2 for 1 minute and 5
minutes beside the already mentioned four time intervals. Diamond at 0.01vol% and Alumina at
0. 1vol% nanofluids were used to coat the wire.
To estimate the coating thickness on the wire, SEM was again used. The coated wire was cut into
several small der. The thickness of the coating is determined using measurement tools available
with the SEM software. Table 9 lists the results with the uncertainties from standard error and
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measurement error. Note that the large statistical errors reflect the variation in coating thickness
measured on the surface.
Table 9: Coating thickness as a function of coating time using SEM measurement
Coating Diamond (O.Olvol%) thickness (pm) Alumina (0.1vol%) coating thickness (gm)Coating
Time 1 minute wait 6 minute wait 1 minute wait time 6 minute wait time
(minutes) time between time between between power between power step
power step power step step
1 1.68±0.98 NA 1.37±0.74 NA
5 1.48+0.95 NA 1.72±0.98 NA
15 2.35+1.10 1.63±1.38 1.78±1.09 1.91±0.91
30 1.87±1.00 2.77±1.17 2.73±0.98 2.28±1.19
45 2.84±1.03 2.39+1.26 2.82±1.06 3.03±1.09
60 1.95±0.98 2.57±1.24 2.27±1.09 2.47±1.26
As the results indicated, there appears to be no relationship between the coating thickness and the
boiling time. This was counter-intuitive since a longer boiling time should provide a thicker
coating, as seen in the plate heaters case. It seems that there is a point at which the coating
saturates. Another possible explanation for this is that the coating of the diamond or Alumina on
the wire was not so strong such that the particle could fall off during moving the sample from
heat transfer to SEM laboratories. In addition, the wire has high curvature, which would prevent
the particles from staying adhesive to the surface. Furthermore, the coating on the wire is
nowhere near uniform, and the locations of these thickness measurements were chosen
randomly. They could have been variation in coating thickness at different locations. The SEM
images of these wires in shown in Figure 38 and Figure 39. The coating is not uniform and that
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longer boiling time seems to result in a more even layer. A couple of representative EDS spectra
of the wires are shown in Figure 40 to verify that the coating is actually that of Alumina and
diamond. The rest of the EDS spectra, which are similar to those in Figure 40, are not shown
here. Overall, the SEM results show that nanoparticle deposited on the wire relatively fast.
Within five minutes of boiling at relatively low heat flux (<0.5MW/m2) the coating thickness can
already reach more than one micrometer. This information is particularly useful for the later on
possible coating process using nanofluids.
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Figure 38: SEM images of diamond coated wire as a function of time with 6-minute wait
between each power step increase. From top to bottom: 15, 30, 45 and 60 minute coating time,
respectively.
Chapter 3 - Pool Boiling Experiments
Figure 39: SEM images of Alumina coated wire as a function of time with 6-minute wait
between each power step increase. From top to bottom: 15, 30, 45 and 60 minute coating time,
respectively.
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Figure 40: Typical EDS spectra for Alumina (top) and Diamond (bottom) coating layer on wire
To further quantify the coating thickness, confocal microscopy was used to measure the average
surface roughness as well as the roughness ratio of the coating. Again, the measurements were
done at two different locations to see if the coating was uniform on the wire. Also, confocal
gives average roughness over a larger area compared to that of SEM. The results are listed in
Table 10.
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Table 10: Surface Roughness (measured by Confocal Microscope) of wires coated at different
time interval via coating process 1
Project Actual Roughness
Fluid Time (min) Sra(p[m) Area Area ratio
0 0.43 12391 17809 1.44
0.32 12375 16246 1.31
15
0.69 12423 30049 2.42
0.56 12407 23958 1.9330
Alumina 0.66 12383 32680 2.64
(0.1 vol%) 0.81 12379 21576 1.74
45
0.75 12419 37669 3.03
0.49 12423 17297 1.3960
0.44 12407 19424 1.57
0.70 12423 16289 1.31
15
0.92 12436 21676 1.74
0.36 12436 16935 1.36
Diamond 30 0.55 12379 15460 1.25
.Olvol%) 0.49 12436 18383 1.48
45
0.64 12423 16098 1.30
0.58 12423 16526 1.3360
0.48 12395 19598 1.58
First, notice that these values listed were measured after the curvature of the wire had already
been corrected via baseline fitting features available with the confocal software. These results
agree with SEM data in that there is no relation between the coating average surface roughness
and time. In addition, the surface roughness ratio does not increase as a function of coating time
either. Furthermore, between the two locations of the wire, there is large variation, which
suggests that the coating is nowhere near uniform as already mentioned. These results were only
for the wires coated via process 1. Since there are very similar to that of SEM, it was decided
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that the wires coated via process 2 would not be examined by confocal because similar results
would be expected. The typical 3D profiles of the coating on the wires are shown below.
Figure 41: Typical 3D profiles of Diamond (top) and Alumina (bottom) coating layer on wires
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Chapter 4 Theoretical Study of CHF Enhancement
4.1. Existing CHF Models
After several decades of research devoted to studying the CHF, there is not yet a consensus
explanation for this complex phenomenon. There are many CHF models, most of which fall into
one of the following five categories: hydrodynamic instability theory, macrolayer dryout theory,
microlayer theory, hot/dry spot theory, and bubble interaction theory. A brief description of these
theories is given below, as a prelude to examining CHF enhancement.
4.1.1. Hydrodynamic Instability
This theory was first postulated by Zuber [58]. Here, CHF is expected to occur when the liquid
can no longer penetrate the vapor layer to rewet the surface. This causes the surface to overheat
and lead to a CHF. The inability of the liquid to rewet the surfaces happens when the vapor
escaping from the surface has such high velocity that these columns of vapor experience
Helmholtz instability. The jets will collapse into one another, and increase the size of the vapor
layer right on top of the heater surface. Eventually, all the liquid under this large vapor blanket
evaporate and causes CHF, since no liquid on top of the vapor blanket can flow down to resupply
the liquid lost. The CHF can be calculated using an energy balance
qC"HF =PghfgVg (4-1)
where vg is the superficial velocity of the vapor. Helmholtz instability gives v, as
Vg = - (4-2)
Pg H
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where 2H can be assumed to be the Taylor instability wavelength. Combination of definition
ofvg and 2H, the expression for q` is obtained, which has already been shown in Eq. (3-3).
Basically, the CHF model by Zuber proposes that CHF depends mostly on the thermophysical
properties of the fluids.
4.1.2. Macrolayer Dryout Theory
This theory, which models the formation and evaporation rate of the liquid macrolayer under a
vapor mushroom, was proposed by Haramura and Katto [64].These mushroom bubbles usually
hover on top of the heater for awhile before depart. When the rate at which liquid is fed to the
macrolayer is much smaller than the rate at which the macrolayer evaporates, CHF will happen
once all the macrolayer has evaporated by the end of the hovering time of the mushroom vapor.
The heat balance equation can be written as:
rdq"A I -= p8 (A, - Ag,)hfg (4-3)
where rd is the hovering time, 8c is the thickness of the macrolayer, and Ai and Ag are the area
of liquid and vapor, respectively. Assuming Ag << A and 6S is one-fourth of the Helmholtz
critical wavelength, Eq. (4-3) can be simplified to provide an expression for CHF. This
hydrodynamic model is applicable not only for pool boiling but also for flow boiling as well.
4.1.3. Dynamic Microlayer Theory
This model is similar to the macrolayer theory but it relates the dryout out of the microlayer
(liquid layer under each individual bubble when they form) to CHF. This was proposed by Zhao
et al. [65], who explained that the evaporation of the liquid occurs mainly in the microlayer
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region while the macrolayer regions never dries out. The microlayer area decreases with time
due to evaporation, and it was assumed that there is no relinquishment of the liquid to this area
due to the very small layer. Liquid is only resupplied to the dried out area once the bubble
departs. In addition, as the heat flux increases, the thickness of the microlayer decreases, and this
causes dryout to occur faster. Furthermore, the initial thickness of the microlayer decreases with
8qincreasing wall superheat. Maximum heat flux, CHF, occurs when q - 0,
aATsat
where ATat, = TcHF - Tsa. The final expression for CHF is a function of the superheated
temperature, the thermophysical properties, the departure period as well as the diameter of
individual bubble at the end of the initial growth.
4.1.4. Bubble Interaction Theory
This theory states that as heat flux increases, the frequency and number of bubbles form are so
high such that they coalesce and reduce the interaction area between the heated surface and the
liquid tremendously [55]. This simple model was first proposed by Rohsenow and Griffith in
1956 but was not as popular as the hydrodynamic theory. Kolev [66] improved the theory further
by considering the shear interaction between the departing and growing bubbles. As the number
of nucleation site density increases for high superheated temperature, the bubble diameter
decreases. This means that less latent heat can be transferred out per bubble departure. The
bubble departure time also decreases due to lower bubble diameter. At one point as the heat flux
keeps on increasing, the heat transfer actually decreases, which is the point of DNB. Kolev's
model also takes into account of the static contact angle and the model shows that higher contact
angle lead to lower CHF.
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4.1.5. Hot/dry Spot Theory
This theory deals with the formation of hot spot underneath a mushroom vapor in a fully
developed boiling region [55]. When this vapor mushroom departs, the spot underneath it can be
rewetted with liquid from the pool and the vapor cycle formation and departure repeats.
However, this rewetting may not occur if the superheated temperature is high. The hot spot will
propagates and initiate CHF. More detail about this mechanism will be discussed shortly.
4.2. Key Parameters Affecting CHF and Boiling Heat Transfer
The previous sections provided the main CHF mechanisms that have been proposed in the
literature. They suggest that CHF depends on many parameters, from thermophysical properties
of the fluid to the surface characteristics of the heater. In this section, some of the key parameters
that affect CHF will be discussed. In addition, those that affect nucleation boiling heat transfer
rate will also be of interest since enhancing the heat transfer coefficient along with increasing the
CHF is the best combination for any heat transfer system.
4.2.1. Parametric Effect in Pool Boiling CHF
Thermophysical properties of the fluid: The surface tension, thermal conductivity and viscosity
can affect CHF according to the hydrodynamic instability model. However at low concentration
of nanoparticles (<0.1vol%), these properties of nanofluids do not differ much from those of
water (Table 4). Furthermore, the vapor density and enthalpy of evaporation are not expected to
change due to low particle concentrations. These results suggest that the enhancement in CHF
cannot be adequately explained by the hydrodynamic instability mechanism, which hypothesizes
that CHF depends mostly on thermophysical properties of the fluid. Furthermore, this suggests
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that the CHF enhancement is not due to the presence of the nanoparticles in the fluids. Rather,
the deposition of the nanoparticle on the heaters changes the surface's conditions, which
subsequently affects CHF.
Heater Surface Condition: For well-wetting fluid (contact angle <200), the surface finish seems
to have little effect on CHF. However, as previous stated, the correlation by Kolev [66] suggests
a systematic decrease in CHF as static contact angle increases. Experimental data from Liaw and
Dhir [67] verify this further. This aspect is of interest in this project since the nanoparticle
deposition on the heater surface can have large effect on CHF, which will be described more in
detail.
Heater size. If the heater is small enough, the CHF can depend on the size. Usually smaller
heater gives higher CHF than larger surfaces do. The characteristic length, L', at which CHF
depends on the heater size was suggested by Lienhard and Dhir [68] as shown in the equation
below.
L'= L g(P1 - (4-4)
where L' is around 15 for circular horizontal disk. In this project, since the horizontal plate heater
size is constant for every experiment, the effect of heater size can be neglected.
Other possible parameters that can affect CHF include subcooling liquid, gravity, and dissolved
gas. These are not significant in the experiments described here since the gravity stays constant
and the CHF value was obtained at saturation temperature. Dissolved gas can reduce CHF but
since the nucleate boiling leading to CHF usually takes more than 2 hours, not much dissolved
gas should be present in the fluid.
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4.2.2. Parametric Effects on Nucleate Boiling Heat Transfer
CHF is the upper limit of the nucleate boiling heat transfer regime. Therefore one should expect
that parameters affecting CHF also affect the nucleate boiling heat transfer rate. First of all, the
thermophysical properties (thermal conductivity, viscosity, and surface tension) of the fluids
have a strong effect on the nucleation heat transfer rate. This is well described by the well-known
Rohsenow correlation, which relates the heat flux to the thermophysical properties of the fluids,
gravity as well as the superheated temperature and the surface and liquid combination. Again,
since the nanofluids properties at low concentration usually do not deviate much from that of the
base fluid (water), the thermophysical properties effect on nucleate boiling can be neglected.
However, the interaction between the fluid and the surface (wettability, adhesion and adsorption)
does play an important role in boiling heat transfer since the heaters in the experiments were
modified with nanoparticle deposition. The surface micro-cavities, which relate to the number of
potential nucleation sites, have been shown to enhance the heat transfer coefficient. Since the
surface structure changes from bare plate to nanoparticle pre-coated plate, one should expect
some change in the nucleate heat transfer rate if everything else is equal. However, we have seen
that there has been little change in the heat transfer coefficient of water with bare plate and
nanoparticle pre-coated plates as shown in section 3. One of the possible explanations is that all
the surface parameters affect nucleate boiling simultaneously and interlinked. According to Pioro
et al. [69], these interlinked effects have been a difficult subject to investigate, and data obtained
by researchers so far is not enough to reach any conclusion. The effect of the surface
characteristics will be discussed more in detail when we try to maximize both the CHF and the
heat transfer coefficient.
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Finally, other parameters that could affect the nucleation heat transfer include subcooling,
pressure, gravity, wall thickness and dissolved gas. However, since all these parameters stay
constant in our experimental set up, no further discussion relating to these is necessary. In the
next section, the optimization of CHF and heat transfer coefficient due to surface changes will be
discussed.
4.3. Optimization of CHF and Boiling Heat Transfer Enhancement
4.3.1. CHF Optimization
The hot/dry spot theory states that when a surface is subjected to high heat flux, hot/dry spots are
formed at the bases of the bubbles at the nucleation sites. When the hot/dry spots can be rewetted
upon departure of the bubbles, they are considered reversible. However, when the rewetting does
not occur due to poor wettability of the surface, the hot/dry spot is irreversible, which can lead to
a rapid increase in the surface temperature, and causes burn out. To assess the importance of the
wettability effect, we exploit the model proposed by Theofanous and Dinh [70], which considers
the micro-hydrodynamics of the solid-liquid-vapor line at the boundary of a hot/dry spot. This
model postulates that CHF occurs when the evaporation recoil force, which drives the liquid
meniscus to recede, becomes larger than the surface tension force, which drives the meniscus to
advance and rewet the hot/dry spot. The following expression was derived to predict CHF:
-r1/4
qn -1/2 h (pf -pg)g
qCHF = Pg fg 2 (4-5)
Here Kt is the surface dependent parameter, which is large for a poor wetting surface but small for
highly wetted surface. However, an analytical expression for K was not provided. Kim et al. [3]
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provided an expression for K using elementary geometry and Lord Rayleigh's formula for the
volume of static liquid meniscus
1 sin /2 - 0 - 1/ 2  (4-6)
2 2cos0
The above expression only applies for hydrophilic surfaces or contact angle 0 less than 900.
Using Eq. (4-5), it is predicted that the maximum CHF enhancement of about 160% can be
achieved when the contact angle is changed from 80' (average measured contact angle for
stainless steel) to 00. Another correlation relating contact angle to critical heat flux was derived
by Kandlikar [71],
1/2 f + cos1/2 2 []/4(/7
qC =g hfg 1+ cos + (1+ os cos /4 (47)
Here 0 is the contact angle and 0 is the heater orientation angle relative to horizontal. Eq. (4-7)
applies for all contact angle 0. Figure 42 plots the CHF enhancement ratio according to the
correlations in Eq. (4-6) and (4-7). The maximum CHF enhancement predicted by Eq. (4-7) is
about 110%, which is lower than that calculated by Eq. (4-6). Notice that higher contact angle
corresponds to lower CHF. The heater in vertical orientation has lower CHF enhancement
compared to the horizontal heater (boiling surfaces face upward). The effect of heater
orientation diminishes when the surface becomes hydrophobic (0>900). All the above suggest
that an increase in surface wettability will bring about an increase in CHF. Furthermore, the
theoretical prediction of maximum CHF enhancement up to 160% (according to Eq. (4-6) if
*=-800 originally) is consistent with experimental observation of previous nanofluid studies.
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Figure 42: CHF ratio as a function of final contact angle with initial contact angle of 800.
Taking the contact angle values in Table 7, and plot them against CHF enhancement measured,
the experimental data seem to underestimate the amount of enhancement compared to the
correlation as shown in Figure 43 and Figure 44. Figure 43 takes data of contact angle
measurement at time t=0 while Figure 44 uses contact angle data measured after 1.5 minutes.
The correlations seem to overestimate the experimental data shown. Nevertheless, the trend in
CHF enhancement vs. measured contact angle seems to agree reasonable well.
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Figure 43: Comparison between experimental data and correlation (initial contact angle of 940)
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Figure 44: Comparison between experimental data and correlation (initial contact angle of 670)
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4.3.2. Optimization of Surface Wettability
In order to achieve the best possible CHF enhancement, we now examine the key parameters for
surface wettability optimization. First, the modified Young's equation [72] describes how the
relation of wettability to surface roughness ratio and surface energies:
cosO = r cos = r V - YSL(4-8)
Eq. (4-8) relates the apparent contact angle (0) to the surface roughness factor (r) and the
intrinsic contact angle (0*). The intrinsic contact angle is determined by surface tensions of the
solid-liquid (YSL), solid-vapor (Ysv ), and liquid-vapor (a) interfaces. Ysv-YSL is the so-called
adhesion tension. The surface roughness factor, r, is defined as the ratio of the effective contact
area to the smooth contact area. Nanoparticle deposition affects the contact angle by changing
both the adhesion tension and the surface roughness. Here we want to focus on decreasing the
contact angle by increasing the surface roughness by means of nanoparticle deposition. In Figure
45, the apparent contact angle as a function of intrinsic contact angle is shown.
The first feature to notice here is that when a surface is initially hydrophilic (0*<900), the surface
roughness introduced to the surface will make it more hydrophilic. However, if the surface is
already hydrophobic (0*>900), surface roughness makes it more hydrophobic, which deteriorates
CHF. Therefore, an originally hydrophilic surface would be desired. One can see that a surface
with small initial intrinsic contact angle only needs a very small surface roughness to make it
superhydrophilic (0=-0). For example, the surface roughness factors theoretically required for
achieving superhydrophilicity are 1.2, 1.5 and 2.0 for 0*=350, 0*=500, and 0*-600, respectively.
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Alternatively, we can derive from Eq. (4-8) that rcos'* =1 in order to achieve perfectly wetted
surface, which means that the optimum surface roughness factor for a given contact angle is
r = 1/cos(O*). This relationship is shown in Figure 46. Next, the magnitude of CHF enhancement
with given certain conditions would be of interest.
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In Figure 47, the CHF enhancement ratio (according to Eq. (4-7)) is plotted as a function of
intrinsic contact angle for various values of r. Notice that for a larger r, a higher CHF
enhancement can be obtained. Furthermore, for every constant r, there is an optimized intrinsic
contact angle which gives the maximum CHF. On other hand, if we keep the intrinsic contact
angle constant and increase the surface roughness factor r, there is a maximum r for which
further increase in r has no effect on CHF enhancement, as shown in Figure 48. Also, a higher
initial intrinsic contact angle allows higher CHF enhancement. For example, for a surface with
intrinsic contact angle of 800, a roughness factor r of 6 is needed to achieve maximum CHF
enhancement of approximately 100%. Maximum CHF enhancement is lower for surface with
originally lower contact angle but it is easier to achieve since lower roughness factor is easier to
obtain.
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Figure 47: CHF enhancement as a function of intrinsic contact angle for surface with constant
roughness factor r.
89
Chapter 4 - Theoretical Study of CHF Enhancement
2
1.8
0
S1.6
LL 1.4
1.2
0-8 = 0
- - = 30
0 0=45
--- = 60
* 0=70
0 = 80
S.. . -... ," .*. . .
0 *
°×.*
C '.
-e×
,, • ×
,,~ e
•  
.>
/_ _ _ I
1 2 3 4 5 6
Surface Roughness Factor
Figure 48: CHF enhancement as a function of surface roughness factor for a surface with
different initial intrinsic contact angle.
The above analyses show that there are two ways to enhance CHF by improving wettability. One
can choose a heater surface with initially low intrinsic contact angle (hence low apparent contact
angle) to have high CHF value. If the surface has an initial high intrinsic contact angle, it can be
modified to increase the surface roughness by nanoparticle deposition; the apparent contact angle
subsequently decreases to yield higher CHF.
4.3.3. Optimization of Surface Parameters for Enhancing Nucleate Boiling
Heat Transfer Coefficient
Since CHF and nucleate boiling are interlinked, the parameters affecting CHF have an influence
also on the nucleate boiling heat transfer coefficient (HTC). Excluding changes of the fluid
thermo-physical properties from the discussion, one has to focus on surface effects. A review by
Pioro et al. [69] states that the surface material, the interaction between the solid, liquid and
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vapor phases (via wettability, adhesion, and adsorption) and the surface microstructure all affect
the HTC. Here we want to focus mainly on the effect of microstructure and wettability on HTC,
using a very simple model. The heat flux can be described by an energy balance equation
relating the bubbles departing from the surface and the heat flux:
q"= Dp,h,fgfbN = h(T -Tyat) (4-9)
Where Db is the departure diameter, fb is the frequency of the bubble leaving the surface and Na
is the active nucleation site density. Fritz [73] correlated the departure diameter, using a force
balance as follows:
Db = 0.0208(0*) (4-10)
g(p 
- Pg)
where 0* is the intrinsic contact angle. Jakob [74] estimated that the product Dbf, is about
constant. The nucleation site density was estimated by Wang and Dhir [75] from their
experiments using copper heaters with different degrees of oxidation, which resulted in different
contact angles:
N o oc Nmicro(1- cos0*)(Tw -Tsat) 6  (4-11)
where Nmicro is the number of micro cavities on the heater. Combining Eq. (4-9), (4-10) and (4-
11), one obtains
q" oc Nm,cro (O*)2 (1 - COs(O*) =* h oc Nmicro (0*)2 (1- COs(O*)) (4-12)
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Again, using 0*=-800 as the reference angle, one can see the relationship between the HTC and
the intrinsic contact angle in Figure 49. Notice that the HTC is very sensitive to the intrinsic
contact angle and the number of micro cavities present on the surface. The best surface for high
HTC is one with low wettability (i.e., a metal) and many nucleation sites. Nanoparticle
deposition can affect both the heater surface's properties (wettability) and morphology (more
micro cavities) to enhance the HTC.
htc a (1-cos(O*))0*2
-- htc a 8(1-cos(O*))"* 2 //i
/
I
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Figure 49: Heat transfer coefficient ratio as function of intrinsic
800)
80 90
contact angle (initial angle of
The nanoparticles in the fluid will not affect the intrinsic contact angle between the fluid and the
surface due to the fact that the surface tension of nanofluid at low concentration is similar to that
of base fluid. However, the deposited nanoparticles have different effects compared to those
dispersed in fluid. Nanoparticle deposition can create large number of micro cavities, which
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means there are more potential nucleation sites. HTC is strongly dependent on the number of
active nucleation sites.
Therefore, the best surface for high HTC is one with low wettability (i.e., a metal) and many
nucleation sites. Nanoparticle deposition can affect both the heater surface's properties
(wettability) and morphology (more micro cavities) to enhance the HTC. While experimental
data in the literature is scarce, nanoparticles deposition on Titanium and stainless steel flat
heaters have been shown to enhance both HTC and CHF (see Table 1). A larger experimental
database is needed.
Conclusion
Chapter 5 Conclusion
Heat transfer enhancement of colloidal dispersions of nanoparticles (nanofluids) has been a topic
of interest in recent years. This is an emerging research area which spans from the fundamental
study of thermophysical properties to single-phase and boiling heat transfer characteristics of
nanofluids. This work provides a literature review of state-of-the-knowledge nanofluid research,
and experimental and theoretical study of boiling heat transfer of nanofluids. Some notable
findings are summarized as follows:
* Low concentrations of Alumina-water, Zinc Oxide-water and diamond nanofluids
(<0.1vol%) have been found to enhance CHF up to 85% compared to the base fluids.
The CHF enhancement ratio depends on the initial CHF of the bare heater. Alumina and
Zinc Oxide nanofluids produced higher CHF enhancement than diamond nanofluid. For
a given nanofluid, it appears that a higher enhancement ratio often corresponds to a lower
initial CHF, such in the case of wire heater (0.8 MW/m2), a higher percentage CHF
enhancement can be obtained with nanofluids. However, with a higher initial CHF, such
as a sandblasted plate which is somewhat optimized for heat transfer (CHF=1.4 MW/m2),
the percentage CHF enhancement is lower.
* At low concentrations (<0.1 vol%), the thermal physical properties of nanofluids are
similar to those of water. It is therefore concluded that the CHF enhancement is due to
nanoparticle deposited on the heaters rather than the nanoparticle in the fluids.
* Coating heater via boiling in nanofluids is an effective method of surface modification to
enhance heat transfer. Nanoparticle pre-coated heaters yielded CHF values 35% higher
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than bare heater. However, the heat transfer coefficients did not appear to differ much
between the coated and bare heaters.
* The main characteristic of the heater changed by the nanoparticle coating is the surface
wettability, which is quantified by contact angle measurement. The two key parameters
that affect contact angle are surface material/chemical composition and surface roughness
ratio.
* Comparing the CHF enhancement of the coated surfaces to the non-coated ones based on
measured contact angles showed that the measured CHF enhancements are somewhat
lower than those predicted by the existing correlations.
* The nanoparticle coating thickness is about 2-3 gim on wire heater. It appears that the
coating thickness reaches a plateau after only a few minutes of boiling. No relationship
was observed between thickness of the nanoparticle coating and the time of coating via
nucleate boiling of nanofluids.
* Theoretical analyses provide maximum possible CHF and heat transfer rate enhancement
via modifying the surface by coating using nanofluids. The predicted maximum CHF
enhancement agrees with the data reported in the literature.
* Coating via nucleation boiling of nanofluids would be a possible treatment process for
large heat transfer systems such as boilers and steam generator in nuclear power plant.
The process can be done in situ on site, which save times and operational cost. The
treatment would enhance CHF of the system, which increases the failure margin.
Conclusion
The work presented here is an important stepping stone for using nanofluids as an agent to
modify surface to enhance heat transfer. One immediate possible future work is to coat tube
heaters using nanofluids and then determine if CHF is enhanced. Once this is proven successful,
scaled experiments for steam generators, heat exchangers and boilers can be conducted.
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